The initial compressive residual stresses induced or inherent in a component will not remain stable during the life of the component, it relax and redistributed. In design of the component, it is important to consider the relaxation of residual stress phenomenon. In this study, equations to predict residual stress relaxation of 2024 T351 aluminium alloy specimens were proposed. The equations developed from the experimental data of 2024 T351 aluminium alloy specimens that were shot peened under three different shot peening intensities and undergoing cyclic tests for two load magnitudes for 1, 2, 10, 1000 and 10000 cycles. The residual stress, cold work and microhardness results were recorded after each cyclic load as well as the initial state. The presented model incorporates parameters including the degree of cold work, initial induced residual stress and the number of applied loading cycles.
Introduction
The fatigue life of metallic materials can be extended by the near-surface macroscopic compressive residual stresses that retard fatigue crack initiation and crack growth [1, 2] . However, the problem is that the initial residual stress field inherent in or induced in the finished product may not remain stable during the operation life of the component. The residual stresses may decrease and redistribute through a process called relaxation. Residual stress relaxation can occur due to thermal, static mechanical loading, and cyclic loading effects.
A large relaxation of the compressive residual stresses occurring on the first fatigue cycle was observed by several researchers [3, 4] , it is apparently due to the static effect, when the sum of the applied stress and the residual stress with the same sign as the applied load is more than that of the yield condition.
As a function of the exponent of the number of cycles, N, a linear reduction in residual stress was proposed by Han et al. [5] based on experimental data as follows:
where ( ) relax res σ is the residual stress relaxation, ( ) cycle res 1 σ is the residual stress at the first cycle and k is dependent on material softening and applied stress.
Using the finite element method an analytical model for the relaxation of residual stress was proposed [6] : where C w is a parameter which accounts for the degree of cold working. The material constant m depends on cyclic stress and strain response and the material constant A is also dependent on cyclic stress and strain response. B controls the relaxation rate versus loading cycle. The initial residual stress is σ re 0 . Reducing the load amplitude in Eq. (2) analytical model will cause the relaxation to slow. The model can predict the residual stress relaxation trends, but it requires validation by an experimental study on cycle-dependent residual stress relaxation In this study, the experimental data from Omar Zaroog et al. [7] was used to propose an empirical equation to estimate the residual stress relaxation under two loads and three shot peening intensities, incorporating the cold work and number of cycles as parameters. The proposed equations were validated against experimental data. The results indicate that the equations are able to estimate residual stress relaxation in good agreement with experimental data.
Modeling of residual stress relaxation
A reduction in residual stress as a function of the exponent of the number of cycles, N was proposed by Han et al. [5] as follows:
Eq. 3 is in agreement with Jhansale and Topper [8] who suggested the same relationship for the number of cycles using the mean stress to quantify the cyclic residual stress relaxation as follows:
where B is the relaxation exponent.
However, the experimental data [7] , revealed that compressive residual stress relaxation rate was increased with increasing applied load and it is affected by shot peening intensities. A fitting of the residual stress relaxation data versus number of cycles shows that the relaxation of residual stress is a function of the exponent of the number of cycles in the general form as follows: Moreover, the data [7] showed that the relationship between residual stress relaxation and cold work is inversely proportional. 
The constants f and d are depended on the applied load and shot peening intensities. It is increasing with the increasing of the applied load.
The relaxation rate of the residual stress is proportional to the applied stress amplitude and the number of loading cycles (N) and inversely proportional to the rate of cold work (C w ). Based on this proportionality an equation for the prediction of residual stress relaxation is proposed as follows:
where constants m and A depend on the applied load and shot peening intensity and B controls the relaxation rate.
Using a regression fit for the data, the values of the constants B, m and A for the two loads and the three shot peening intensities were calculated and are shown in Table 1 . The experimental data revealed that cold work and hardness has strong response relationships as shown in Fig. 1 for given loads of 15.5 kN and 30 kN, respectively. A good fit revealed that the relation is polynomial in the general form:
where Hv is microhardness, Cw is cold work and , and are constants dependent on the applied load and shot peening intensity. The values of these constants gathered from fitting the experimental data are shown in Table 2 . 
Model application
For the modelling demonstration, two relaxation parameters from the experimental data were used, namely, the number of stress cycles (N) and the inverse of cold work (Cw). Fig. 2 shows the effect of the number of stress cycles (N) on the residual stress relaxation for shot peening intensities of 0.0054 A, 0.0067 A and 0.0090 A, respectively. Fig. 2 shows that the proposed relaxation Eq. 5 predicts residual stress relaxation in good agreement with the experimental data for the three shot peening and two loads.
For the different degrees of cold work in the surfaces for shot peening intensities of 0.0054 A, 0.0067 A and 0.0090 A the proposed Eq. 7 was used to calculate the relaxation of residual stress. Fig. 3 show the effect of cold work on the relaxation of residual stress for the three shot peening intensities of 0.0054 A, 0.0067 A and 0.0090 A, respectively. Eq. 7 is evidently able to account for the cold work effects and produces agrees well with the experimental data.
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Conclusions
Equations to estimate the residual stress relaxation were proposed. The equations considered the number of loading cycles and the quantity of cold work to predict the residual stress relaxation. The estimation was found to be in good agreement with the experimental data from [7] .
